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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
A probabilistic fracture mechanics model is applied to irradiation assisted stress corrosion cracking eﬀect, assuming that the
oxidized part of stainless steel sample plays an essential role in the crack propagation and sample failure. The Weibull statistical
distribution of time-to-failures, estimated through the correlation with the statistical distribution of oxide strengths, fully accounts
for the experimental results/scatter obtained in the constant load time-to-failure tests. Large failure uncertainties in these type of
tests originate from intrinsic stochastic behavior of the oxide crackin due to subcritical crack propagation process.
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1. Intorudction
Irradiation assist stress corrosion cracking (IASCC) is intergranular cracking eﬀect showing strongly reduced or
no ductility, which can occur in heavily irradiated internal structural components of nuclear reactor cores. The internal
components of nuclear reactor pressure vessels are fabricated primarily with austenitic stainless steels because of their
relatively high strength, ductility, and fracture toughness. Still, the operating conditions may cause severe material
degradation and the component failure, which is extremely important for nuclear power plant safety and lifetime
managements. The IASCC is complex phenomenon not yet fully understood because it occurs through an interplay
of several material degradation process s: The factors that influence the IASCC susceptibility of materials include
neutron irradiation, temperature, water corrosion, stress and material composition Scott (2011); Andersen (2011);
Was et al. (2007); Bruemmer et al. (1999). However, despite of accumulated experimental data Rao (1999), both
crack initiation and crack propagation mechanisms still need to be elucidated.
Evaluation of the crack initiation process is usually performed on the basis of the constant load tests. In these
tests, the samples are loaded to diﬀerent stress levels, typically a fraction of the yield stress, and the time-to-failure
is measured. These results demonstrated that: (1) The sample fail faster in time when loaded to high stress values,
(2) by increasing neutron dose, the stress required to fail the sample decreases. An estimation of the stress threshold
under which no IASCC takes place, gives the value of about 40 % of irradiated yield stress Rao (1999); Bosch et
al. (2015). However, large uncertainty observed in the time-to-failure data Bosch et al. (2015) somewhat limits the
application of proposed stress threshold. For example, the scatter in the time-to-failure data, obtained for applied stress
of 55 % yiel stress (550 MPa), ranges from about 100 h to more than 2000 h. Similar uncertainties are observed in
the distribution of cracked bolts fr m nuclear power plant (NPP) field experience. Some bolts are observed to crack
while you would not expect them to crack according to relatively low accumulated dose and low temperature. On the
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contrary, some bolts do not crack while you would expect them to crack because of their symmetrical positions with
respect of cracked bolts (the same material, dose, stress and temperature) Ge´rard (2011). Because of that, it is of
crucial importance to understand the origin of scatter in this type of measurements.
In this study the uncertainties in the time-to-failure data of the constant load stress corrosion tests are explained on
the basis of probabilistic fracture mechanics. It is demonstrated that large uncertainty originates from intrinsic failure
probability due to subcritical crack propagation process in the oxide formed in stainless steel specimens.
2. Time-to-failure for subcritical crack propagation
The starting assumption is that substantial oxide layer is formed on the surface of the specimens, and that there
is suﬃcient internal oxidation along the grain boundaries throughout the whole sample thickness. This assumption is
not unrealistic, since the internal components of the NPP are usually exposed to corrosive environment and neutron
irradiation for very long time. In this case, the component failure can be regarded as being caused by the brittleness
of the oxide material (ceramics). The cracks start at the oxide layer and propagate through the oxidized (weakened)
grain boundaries, so the crack initiation and propagation is analyzed by ignoring the metallic part of the specimen.
Full intergranular fracture, which is regularly observed at fractured surface of IASCC specimens Rao (1999), strongly
supports this assumption.
If brittle solid is placed under the load, it is not possible to be certain whether or not the component will fail,
so the specimen fracture is described by failure probability. Intrinsic failure probability originates from subcritical
crack propagation process, in which the cracks grow slowly under applied stress well below the critical value for
the fracture. The time-to-failure under subcritical crack propagation can be derived following standard probabilistic
fracture mechanics approachWachtman et al. (2009); Ashby et al. (2006). The general fracture mechanics relationship
between the stress intensity factor KI and crack length a under the stress σ is:
KI = gσ
√
a, (1)
where g is a constant which depends on the specimen/testing geometry. When the applied stress is constant, the crack
will slowly grow until KI = KIC at which there will be a failure. The changes of crack length and stress intensity factor
at some point in time will be:
dKI
dt
=
gσ
2
√
a
da
dt
. (2)
By integrating Eq. (2), with the incorporation of empirical crack velocity law, da/dt = CKnI where C is a constant and
n is stress corrosion growth exponent, the time-to-failure can be obtained Wachtman et al. (2009):
t ∼ 1
σn
(3)
This results already explains the fact that the time-to-failure decreases by increasing applied stress. However, Eq. (3)
has limited applicability since the integral constant is not evaluated. In principle, the integral constant provides infor-
mation on the material strength in the absence of stress corrosion cracking eﬀect (initial strength), but its calculation
is practically impossible from the first principles. Still, one can immediately see that for the samples with the same
initial strength, any two points of the time-to-failure can be strictly correlated with their respective stress values Ashby
et al. (2006)
t1
t2
= (
σ2
σ1
)n. (4)
This result is compared with the experimental time-to-failure data obtained from the O-ring tests Rao (1999). The
Fig. 1 shows the time-to-failure data for the thimble tube specimens (stainless steel, ss316) tested by the application
of constant load in the range from 450 to 750 MPa (symbols), and the calculation based on Eq. (4) (full line). The
best agreement with the experimental data, represented by the full line, is obtained by taking t1 = 14h and σ1 = 690
MPa (almost the same as the t and σ values of the specimen which fractured first), and n = 15. The crack growth
exponent for the chromium/spinel oxide which is formed on ss316 material Montemor et al. (2000) is not known,
3794 M. J. Konstantinović / Procedia Structural Integrity 2 (2016) 3792–3798
M. J. Konstantinovic´ / Structural Integrity Procedia 00 (2016) 000–000 3
Fig. 1. Time-to-failure data of the constant load O-ring tests ?
so the relevance of n=15 value requires the experimental verification. Still, the crack growth exponent in ceramic
materials ranges from 10-20 in oxides up to 50 or more in nitrides, so the n=15 value which is obtained from this
analysis clearly falls into category of oxide ceramic materials, and it can not be associated with the crack growth
exponent in metals.
Next, the stress value of σ1 = 690 MPa, should be very close to the initial (inert) stress of the spinel oxide, since
this is the stress level observed for the failures at short times. The application of the load to the sample which is larger
than the inert strength should cause instantaneous failure. Once again, the inert strength of chromium/spinel oxide is
not known. Still, σ1 = 690 MPa is comparable with the inert strengths (under bending) of Al2O3 and ZrO2 which are
of about 400 and 900 MPa, respectively Handbook (2013).
3. Weibull probability distribution of the time-to-failure
Since Eq. (4) is valid only for the specimens with the same inert strength, the statistical distribution of strengths
(expected for brittle materials) is not taken into account. In fact, the statistical distribution of oxide strengths is re-
sponsible for the statistical distribution of the time-to-failure data. An elegant way to take this eﬀect into account is
based on the Weibull statistics. If inert strengths of the oxide are distributed according to the Weibull distribution, the
cumulative probability of failure for the stress σ is
Ps(σ) = 1 − e−(
σ
σi
)m (5)
where σi and m are initial strength and Weibull modulus, respectively. When σ = 0 there will be no sample failure,
while at σ = σi only 37% of the sample will survive. On the basis of the Weibull stress probability failure, Eq. (5),
and the correlation between stress and time-to-failure, Eq. (3), one can derive the time-to-failure probability:
Ps(t) = 1 − e−(
t
ti
)τ (6)
where τ = mn−2 Ashby et al. (2006); Singpurwalla (1995).
The calculated failure probabilities for both stress and time-to-failure are shown in Figure 2a) and 2b), respectively.
The Weibull modulus m= 10 used in the calculation is typical value reported in the literature for Al2O3 and ZrO2
Ashby et al. (2006). For m=10 and n=15, the Weibull modulus of the time-to-failure is expected to be of about τ ∼ 1.
Since τ << m, the failure distribution of the time-to-failure is much broader than the failure distribution of the
strengths, see Fig. 2. This explains the origin of a large scatter in the time-to-failure data, see Fig. 1. The Weibull
distributions of the time-to-failure, calculated for m=1 and a variety of tis, relevant for experimentally observed
range of the time-to-failures, are presented in Fig. 2b). The time intervals representing a 90 % failure probability
are indicated in Fig 2b for each ti with arrows, and are shown in Fig. 1 as the time-to-failure error bars (uncertainties).
By increasing the ti, a 90 % failure probability interval increases in excellent agreement with the experiment. The
experimental time-to-failure data almost entirely fall within a 90% failure probability envelope which is represented
by the dotted lines in Fig. 1. Therefore, the experimental uncertainties in the constant load type of tests as well as the
 M. J. Konstantinović / Procedia Structural Integrity 2 (2016) 3792–3798 37954 M. J. Konstantinovic´ / Structural Integrity Procedia 00 (2016) 000–000
Fig. 2. The a) stress and b) time-to-failure Weibull distribution functions
bolt cracking probability in NPPs originate from the brittleness of the oxide formed on/in the stainless steel specimen
and can be described with probabilistic fracture mechanics.
As a consequence, the parameters that govern the oxide growth, e.g. the temperature and water PH are expected
to play the important role in the cracking. The material oxidation occurs through the water corrosion, so the material
exposure time is more relevant parameter for the cracking than neutron dose. Namely, high neutron dose and short
exposures to water corrosion will produce smaller cracking probability in comparison with low neutron dose combined
with long corrosion exposures. This is confirmed experimentally, since no cracking of fast neutron irradiated ss316
material is observed Vankeerbergen et al. (2013). Moreover, no significant diﬀerence is found between the time-
to-failure of 40 dpa and 80 dpa samples, see Fig. 1, since they have been exposed to corrosion conditions for the
same time. Neutron irradiation is however essential for the oxidation and weakening of grain boundaries, by creating
the defects which enhance the oxygen diﬀusion throughout the bulk, grain boundary segregation, etc. Since in ss316
material the mechanical properties changes saturate already at few dpa, this could be the critical dpa level required to
weaken the grain boundary and facilitate ”brittle” crack propagation through the bulk.
An estimation of failure stress threshold, even though theoretically expected for the oxide, is in practice extremely
diﬃcult to perform due to very small crack velocities. Having in mind the large range of time-to-failures observed in
the available data, see also Fig. 3, and stochastic nature of the fracture, the concept of the threshold and the use of
current estimates when assessing the component integrity are not reliable. The threshold, if any, should be sought in
the critical grain boundary oxidation/weakening.
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Fig. 3. Constant load time-to-failure data of the O-ring NPP samples irradiated in the broad dpa range.
4. Time-to-failure probability distribution of partially oxidized samples
One may now wonder what happens with the fracture probability if the samples are not fully oxidized? For example
in the case of thin surface oxide layer or for reduced grain boundary oxidation. It is well known for brittle materials
that there is the volume dependence of the strength. Due to the distribution of crack lengths, the large sample will
fail at lower stress in comparison with the small one (there is larger probability to find large crack length in the big
sample with respect to the small sample). Because of that, additional distribution of the inert strength, besides standard
Weibull distribution already discussed, should be expected. The volume dependence of the failure probability can be
also analyzed on the basis of Weibull statistics:
Ps(σ) = 1 − e−
V
Vi
( σσi )
m
(7)
where Vi is the sample volume for which no volume eﬀect is expected. The volume eﬀect to the Weibull failure
probability is shown in Fig 2a). In this calculation the V/Vi = 0.1 and V/Vi = 1 are used for both σi = 690MPa and
σi = 450MPa. When the sample volume is reduced, i.e. V/Vi = 0.1, the Weibull stress probability function is shifted
to high stress values, see Fig. 2a). Because of that, the volume eﬀect broadens a 90% failure probability envelope at
the high stress side, in particular in the range of short time-to-failures, see Fig. 3. This is the consequence of the fact
that the large sample will fail at lower stresses in contrast to the small ones. Equivalently, the thinner oxide has larger
strength in comparison with thick one (the higher the stress, the broader the Weibull distribution due to the volume
eﬀect). Indeed, the probability envelope which includes the volume eﬀect is found to be in excellent agreement with
the time-to-failure data from theWestinghouse O-ring constant load test program (open symbols) westingouse (2007),
see Fig. 3. In contrast to the SCK·CEN data (full symbols), the Westinghause data correspond to the high load stress
tests of both low and high dpa neutron irradiated ss316, thus providing enough statistics to test the volume eﬀect in the
failure probability model. In order to compare the results of the model with the experimental data, the Westinghouse
time-to-failure data are normalized with respect of the applied load as having the same yield strength of 1000 MPa.
Since the tensile tests at T ∼ 3000C show that all the samples in the range between 15 dpa and 75 dpa exhibit the yield
point at 1000 ±150 MPa westingouse (2007), the stress normalization introduces negligible error in the analysis.
Clearly, the experimental data fall within the calculated 90% failure probability envelope. Even though the choice
of V/Vi = 0.1 is somewhat arbitrary, the asymmetry of the failure uncertainties is fully reproduced. Interestingly, the
time-to-failure results of the samples exposed for short times (low dose, low full power years - Robinson unit) are
entirely located within the volume eﬀect region of failure probabilities, see Fig. 3 (star symbols). Therefore, Robinson
samples might exhibit the volume eﬀect due to thin oxide layer formation. Thin oxide layer formation should be
accompanied with reduced grain boundary oxidation (reduced grain boundary weakening), so the sample which do
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exhibit the volume eﬀect might also show some ductility at the fracture surface, in particular in the middle of the
sample.
5. Time-to-failure probability distribution and the grain size
Up to now, the IASCC fracture mechanics analysis did not take metallic part of the sample into account. Subcritical
crack growth process was assumed not to be aﬀected by non-oxidized part of the metal. So, if there is no suﬃcient
oxide layer and the grain boundary oxidation there should be no specimen failure. Indeed, for neutron irradiated
samples which are polished prior the testing, and/or those which are irradiated in fast neutron reactors, the time-to-
failure is either not observed or shifted to much larger times Vankeerbergen et al. (2013). Still, an interesting condition
where an interplay of both metallic and the oxidized parts of the sample could be expected, is related to the grain size.
Namely, for the crack to develop throughout the specimen bulk and cause the specimen failure in accordance with
proposed model, the propagating crack needs to come across the grain boundary once it reaches the metal-oxide
interface. Otherwise, the crack will be stopped since there will be no oxide/weakend grain boundary to continue its
growth. If the crack length is smaller than the grain size, there will be less than 100 % chance for this to happen. In
the first approximation, this problem is equivalent to the famous Buﬀon’s needle problem. Buﬀon’s needle problem
address the probability for a needle of certain length, a, which is randomly dropped on a plane ruled with parallel
lines separated by distance d, to cross a line Buﬀon (1733). The probability is proportional to needle length a and
inversely proportional to line separation d, P = 2a
pid . This solution can be applied to our case, by taking a as the crack
length and d as the average grain size. The crack length can be estimated from the stress intensity factor, by using Eq
[1]. Typical ceramic materials have the critical value of stress intensity factor of the order of KIC ∼ 2 − 5MPa/m1/2,
which for the applied stress of 700 MPa, gives the crack length a ∼ 10 − 50µm. The grain size of ss316 is about
d ∼ 50µm, so the probability that crack will remain propagating after reaching the metal-oxide interface might be as
law as 10 %, P = 2a
pid ∼ 0.1. Thus, by increasing the grain size the time-to-failure average should increase. However,
the critical stress intensity factor of about 40 − 70MPa/m1/2, responsible for surprisingly low fracture toughness of
irradiated ss316 Rao (1999), is still higher than the expected value for the oxides. Since the fracture toughness values
of irradiated 316ss materials are either obtained from the specimens irradiated by fast neutrons or manufactured from
the reactor internal components, the oxidized part of the specimen might be strongly reduced. This could be the reason
for the above mentioned discrepancy.
6. Conclusion
In a conclusion, this study provides an analysis of the results observed in the constant load time-to-failure type
of tests, on the basis of probabilistic fracture mechanics. Large experimental scatter in these type of tests is related
to intrinsic failure uncertainties of the oxide formed in stainless steel. The specimen failure probability (IASCC)
occurs as a consequence of the subcritical crack propagation process, in which the cracks in the oxidized part of the
sample growth slowly under the applied stress well below the critical value for the fracture. The calculated time-to-
failures based on the Weibull statistics are found to be in excellent agreement with the time-to-failures measured by
the constant load O-ring tests.
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